Asbestos-induced mesothelioma is a worldwide problem. Parietal mesothelial cells internalize asbestos fibers that traverse the entire lung parenchyma, an action that is linked to mesothelial carcinogenesis. Thus far, vitronectin purified from serum reportedly enhances the internalization of crocidolite by mesothelial cells via integrin avb5. To reveal another mechanism by which mesothelial cells endocytose (phagocytose) asbestos, we first evaluated the effects of serum on asbestos uptake, which proved to be nonessential. Thereafter, we undertook a study to identify proteins on the surface of mesothelial cells (MeT5A) that act as receptors for asbestos uptake based on the assumption that receptors bind to asbestos with physical affinity. To this end, we incubated the membrane fraction of MeT5A cells with crocidolite or chrysotile and evaluated the adsorbed proteins using sodium dodecyl sulfate polyacrylamide gel analysis. Next, we extensively identified the proteins using an in-solution or in-gel digestion coupled with mass spectrometry. Among the identified proteins, annexin A2 (ANXA2) and transferrin receptor protein 1 (TFRC) were distinguished because of their high score and presence at the cell surface. Crocidolite uptake by MeT5A cells was significantly decreased by shRNA (short hairpin RNA)-induced knockdown of ANXA2 and direct blockade of cell surface ANXA2 using anti-ANXA2 antibody. In addition, abundant ANXA2 protein was present on the cell membrane of mesothelial cells, particularly facing the somatic cavity. These findings demonstrate that ANXA2 has a role in the mesothelial phagocytosis of crocidolite and may serve as its receptor.
Asbestos constitutes a group of minerals that occurs naturally in the environment as bundles of silicate fibers. Asbestos consists of the serpentine mineral chrysotile (white asbestos) and five amphibole minerals: crocidolite (blue asbestos), amosite (brown asbestos), tremolite, anthophyllite, and actinolite. Because asbestos is resistant to heat, acid, and friction, and possesses flexibility and economical merits, it had been widely used in industry worldwide over the past century. The peak world production of asbestos was estimated to be 5.09 million metric tons in 1975. However, concerns regarding the health risk from exposure to airborne asbestos caused a decline in asbestos use. [1] [2] [3] Chrysotile, crocidolite, and amosite are the principal types of commercially used asbestos, with crocidolite considered the most hazardous. 4 Occupational and environmental exposure to asbestos can result in several distinct disease entities, including asbestosis, pleural plaques, benign pleural effusion, lung cancer, and malignant mesothelioma (MM). Most of the cases of MM have been caused by asbestos inhalation, 2, 5, 6 although some other fibers such as erionite, a specific zeolite mineral, could be the causative agent. 7 In addition, genetic susceptibility and radiation were also suggested to be related to MM. 8, 9 The currently proposed three major hypotheses regarding the pathogenesis of asbestos-induced MM can be summarized as follows: 10 (1) the 'oxidative stress theory' is based on epidemiological studies showing that asbestos fibers containing iron are more carcinogenic, 11 and the fibers catalyze the generation of reactive species; 12, 13 (2) the 'chromosome tangling theory' postulates that asbestos fibers damage chromosomes when mesothelial cells divide; 14, 15 (3) the 'theory of adsorption of specific proteins as well as carcinogenic molecules' states that proteins and chemicals, such as components of cigarette smoke, are attached to the asbestos surface in vivo. 15 Notably, these hypotheses are based on asbestos being able to enter mesothelial cells, and these complexes could be involved in the pathogenesis. 16 In addition, chronic inflammation is suggested to be the hallmark of asbestos deposition in tissue, although it may contribute to asbestos-related carcinogenesis by the mechanisms mainly related to hypothesis 1. 17, 18 Macrophages that have engulfed asbestos may be frustrated owing to indigestion and release reactive species 19 and numerous cytokines, including TNF-a and interleukin (IL)-1b, both of which have been convincingly linked to the pathogenesis of asbestos-induced MM. 20 Necrotic mesothelial cells caused by asbestos release HMGB1, which can induce the secretion of TNF-a as well as the activation of the Nalp3 inflammasome and subsequent IL-1b secretion. 20 Asbestos fibers are known to enter cells by endocytosis or phagocytosis and are covered by vesicular membrane structures. 21, 22 We showed that the mesothelial endocytosis of crocidolite was accompanied by F-actin and Rab5a assembly. 23 Reportedly, fiber internalization increased once the fiber was coated with vitronectin, and integrin avb5 was suggested to be a receptor for vitronectin-coated crocidolite 24, 25 and chrysotile. 26 However, even in those studies, a significant amount of asbestos fibers entered the cells in the absence of serum. Thus, other molecular mechanisms for endocytosis that are distinct from the one that exploit vitronectin and its receptor should exist.
Here, we examined the effects of serum on crocidolite and chrysotile endocytosis by mesothelial cells, and found that asbestos uptake was not reduced under serum-free conditions, contrary to a previous report. 25 The asbestos surface is well known to adsorb proteins. [27] [28] [29] Therefore, we hypothesized that asbestos fibers without a protein coating may bind to the receptor proteins on the mesothelial cell surface. To identify systematically the proteins involved in the mesothelial endocytosis of asbestos fibers, particularly candidate receptor proteins, we used an LTQ Orbitrap XL mass spectrometry system (Thermo Fisher Scientific, Waltham, MA, USA) combined with a Paradigm MS4 HPLC system (Michrom BioResources, Auburn, CA, USA), and evaluated the candidate proteins using shRNA (short hairpin RNA)-induced knockdown.
MATERIALS AND METHODS Materials
Chrysotile A, crocidolite, and amosite were obtained from the Union for International Cancer Control (UICC, Geneva, Switzerland) and suspended using vigorous sonication in normal saline to a concentration of 5 mg/ml. To coat asbestos fibers with serum, crocidolite was incubated overnight with fetal bovine serum (FBS) (FBS Gold; PAA Laboratories, Cölbe, Germany) at a concentration of 1 mg/ml. Next, the fibers were washed three times with normal saline and resuspended in normal saline at a final concentration of 5 mg/ml. Thereafter, the coated fibers were sonicated for 1 h and used for experiments on the same day. Finally, all of the fiber suspensions were repeatedly passed through 23-gauge needles.
Reagents and Antibodies
The following reagents and antibodies were used: Alexa Fluor 594 Phalloidin (Life Technologies, Carlsbad, CA, USA), Hoechst 33342 (Dojindo, Kumamoto, Japan), Alexa Fluor 488 goat anti-rabbit secondary antibody (Life Technologies), and horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Dako, Glostrup, Denmark). The primary antibodies used were as follows: rabbit polyclonal antibody for ANXA2 (ab41803; Abcam, Cambridge, UK), rabbit polyclonal antibody for ANXA2 (sc-9061; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit polyclonal antibody for TFRC (ab84036; Abcam), and mouse monoclonal antibody for b-actin (AC-15; Sigma Aldrich, St Louis, MO, USA). Normal rabbit IgG (Cell Signaling Technology, Danvers, MA, USA) was used as a control for antibody blocking.
Cell Culture
The human mesothelial cell line MeT5A was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). MeT5A cells were maintained in Medium 199 containing 0.685 mM L-glutamine, 2.2 g/l sodium bicarbonate, 10 ng/ml epidermal growth factor, 400 nM hydrocortisone, 870 nM human recombinant insulin, 25 mM HEPES, 2.8 ml/l trace elements B liquid from Mediatech (Manassas, VA, USA), and 10% FBS in 5% CO 2 in air at 37 1C. In the experiments testing the endocytosis of asbestos by MeT5A cells, we also used serum-free medium and medium with 55% serum in the presence of the same ingredients as described above. We plated the cells at 2 Â 10 4 cells per cm 2 in 6-cm dishes 24 h before incubation with asbestos.
Incubation of MeT5A Cells With Asbestos Fibers
Different loading dosages (1, 2, 3, 5, 10, and 20 mg/cm 2 ) of asbestos and incubation times (2 and 24 h) were applied in each experiment, with 4 ml of media per dish. After incubation with fibers, the cells were washed three times with phosphate-buffered saline (PBS), trypsinized, and then resuspended in PBS. For flow cytometry, the cells were placed on ice until analysis, and we prepared a control sample for each analysis. The cells for the control sample were plated at 2 Â 10 4 cells per cm 2 one day before analysis and were subjected to the same conditions as those for the tests.
When testing the effects of serum on asbestos endocytosis and speed of asbestos to sink, we separated the samples into four groups based on the medium that was used for the incubation with asbestos and coating of asbestos fibers: (A) serum-free medium and uncoated asbestos; (B) medium with 10% FBS and uncoated asbestos, (C) serum-free medium and asbestos coated with FBS; and (D) medium with 10% FBS and asbestos coated with FBS. OD600 was measured using GeneQuant 1300 (GE Healthcare, Wauwatosa, WI, USA) with a correction factor of 2.0.
In the experiments with direct blocking of ANXA2, we added anti-ANXA2 or normal rabbit IgG into the media to the final concentration of 10 mg/ml and incubated for 30 min. Thereafter, the cells were washed with PBS, and 4 ml of media were added. Next, crocidolite fibers (2 mg/cm 2 ) were loaded and incubated for 2 h.
Flow Cytometry
We used flow cytometric analysis to quantify asbestos endocytosis, as described previously. 30 Briefly, a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA, USA) equipped with a 15-mW air-cooled argon ion laser excitation light source (488 nm) was used. Data acquisition and analysis were performed using Cell-Quest software (BD Biosciences). The data acquisition was stopped when 10 000 events were counted, and the mean of the side scatter (SSC) values was calculated and represented as the 'mean SSC ratio (treated/ control),' which was proved to be directly proportional to the amount of crocidolite fiber uptake including some membrane-associated fibers within a range of the forward scatter 4200.
Cell-Block Technique
This technique is another method for quantifying crocidolite endocytosis that proved to be useful. 30 To prepare a cell-block sample, we centrifuged the cells that had been resuspended in the medium at 800 r.p.m. (120 g) for 5 min and replaced the supernatant liquid with 10% neutral-buffered formalin (NBF). Next, the cells were embedded in paraffin to be handled as a routine tissue block and sectioned at a thickness of 4 mm. The cell-block sections were stained with hematoxylin-eosin (HE) or Kernechtrot. The latter was used for the counting of cells that engulfed the fibers.
Collection and Analysis of Asbestos-Interacting Membrane Fraction Proteins
Proteins in the membrane fraction of MeT5A cells were extracted and collected using the ProteoJET Membrane Protein Extraction Kit (Fermentas, Burlington, ON, Canada), according to the manufacturer's instructions. Protein concentrations were determined using a Protein Assay Bicinchoninate Kit (Nacalai Tesque, Kyoto, Japan).
To collect proteins adsorbed on asbestos fibers, we used an assay that was modified from previous experiments. 15, 29, 31 For adsorption, asbestos fibers (250 mg/ml) were incubated with membrane fraction proteins (1, 2, 5, 10, 20, 50, 100, 150, and 200 mg/ml) in PBS in a total volume of 1 ml at 37 1C while being shaken at 200 r.p.m. for 30 min. The mixture was then centrifuged (20 000 g) at 4 1C for 5 min, the supernatant was discarded, and the pellet was washed three times with PBS. After centrifugation, the supernatant was carefully discarded, and 30 ml of sodium dodecyl sulfate-polyacrylamide gel analysis (SDS-PAGE) sample buffer (62.5 mM Tris-HCl buffer (pH 6.8), 2% SDS, 7.5% glycerol, 5% 2-mercaptoethanol, 0.02% bromophenol blue) was directly added to the pellet and heated at 98 1C for 5 min. Thereafter, the sample was centrifuged (20 000 g) at 4 1C for 2 min, and 20 ml of the supernatant was analyzed using SDS-PAGE. We stained the gels using a PlusOne Silver Staining Kit, Protein (GE Healthcare) following the manufacturer's protocol, except that we avoided using glutaraldehyde to minimize unnecessary protein modifications.
Sample Preparation for Mass Spectrometry
For the in-solution digestion method, we incubated fibers (250 mg/ml) with 200 mg/ml of membrane fraction proteins in PBS in a total volume of 1 ml at 37 1C while shaking at 200 r.p.m. for 30 min. The fibers were pelleted and washed three times with PBS, and then the proteins that were bound to the fibers were eluted by heating for 5 min at 98 1C in 40 ml of 1 Â sample buffer (62.5 mM Tris-HCl buffer (pH 6.8), 2% SDS, 5% 2-mercaptoethanol). After centrifugation, the supernatant (25 ml) was passed through Pierce Detergent Removal Spin Columns (Thermo Fisher Scientific) and digested with trypsin for 16 h at 37 1C. Next, centrifugation was performed, and the middle layer was collected as the sample for mass spectrometry.
For the in-gel digestion method, fibers (250 mg/ml) were incubated with 200 mg/ml of membrane fraction proteins in a total volume of 1 ml of PBS at 37 1C while shaking at 200 r.p.m. for 30 min. After SDS-PAGE and silver staining as described above, well-stained bands were randomly selected, excised, and prepared as samples for mass spectrometry, using the In-Gel Tryptic Digestion Kit (Thermo Fisher Scientific) according to the manufacturer's instructions.
Mass Spectrometry
Nanoelectrospray tandem mass analysis was performed using an LTQ Orbitrap XL mass spectrometry system combined with a Paradigm MS4 HPLC System (Michrom BioResources). A precursor ion scan was carried out using a 400-2000 mass to charge ratio (m/z) before MS/MS analysis. Multiple MS/MS spectra were submitted to the Mascot program (Matrix Science, Boston, MA, USA) for the MS/MS ion search. The NCBInr database (NCBInr 20111008) was searched for the peptides and proteins using taxonomy information of Homo sapiens as a filter, and the proteins and peptides were ranked using MudPIT scoring with the significance threshold set at 0.05. The search parameters were as follows: the type of search, MS/MS ion search; enzyme, trypsin; variable modifications, carbamidomethyl (C) and oxidation (M); mass values, monoisotopic; protein mass, unrestricted; peptide mass tolerance, ± 10 p.p.m.; fragment mass tolerance, ±0.8 Da; max missed cleavages, 1; and instrument type, ESI-FTICR. When using Mascot, the protein score is derived from the ion scores, and the ion score for an MS/MS match is based on the calculated probability, P. The reported score is À 10 Log(P).
Vector Design and Retroviral Transduction shRNA-expressing retrovirus vectors were constructed using the RNAi-Ready pSIREN-RetroQ Vector (Clontech, Mountain View, CA, USA) according to the supplier's instructions. The following sequences were selected as shRNA targets against two genes: ANXA2, which encodes ANXA2:
ATGCACAGAGACAGGA-35
0 (ANXA2-shRNA no. 3), and TFRC, which encodes transferrin receptor protein 1 (TFRC):
0 -GGTTATGTGGCGTATAGTA-3 0 (TFRC-shRNA no. 2) and 5 0 -AACTTCAAGGTTTCTGCCA-35 0 (TFRC-shRNA no. 3). A negative control shRNA-annealed oligonucleotide was also cloned into the RNAi-Ready pSIREN-RetroQ vector (control-shRNA). The correct insertion was confirmed using DNA sequencing with U6 primers. These constructs were co-transfected with pVSVG (Clontech) into the GP2-293 Packaging Cell Line (BD Biosciences) using Lipofectamine 2000 (Invitrogen) in OPTI-MEM medium (Invitrogen), and the culture supernatants were collected 48 h later. For infection, MeT5A cells were mixed with the supernatant containing virions in the presence of 8 mg/ml polybrene (Sigma Aldrich), and the transduced cells were subcultured and selected with 2 mg/ml puromycin. The expression of ANXA2 and TFRC was confirmed using western blotting.
Western Blotting SDS-PAGE gels were processed for western blot analysis, transferred onto PVDF membranes, blocked with a reagent (N101; NOF Corporation; Tokyo, Japan), and then immunostained using the indicated primary antibodies and horseradish peroxidase-conjugated secondary antibodies. The probed proteins were visualized using the ECL Plus Western Blotting Detection System (GE Healthcare) as described previously. 32 As an anti-ANXA2 antibody, ab41803 was used.
Immunohistochemistry
Sections that were cut at a 4-mm thickness were dewaxed with xylene and ethanol, and subjected to high-temperature antigen retrieval in an immunosaver (Nisshin EM, Tokyo, Japan) for 40 min. Next, the slides were dipped for 30 min in methanol containing H 2 O 2 (0.3% v/v) to quench endogenous peroxidase activity. After washing with PBS, the slides were incubated with primary antibodies and washed with PBS three times for 5 min each, and Histofine Simple Stain MAX-PO (Multi) (Nichirei, Tokyo, Japan) or Histofine Simple Stain Rat MAX-PO (Multi) (Nichirei) was applied to the slides. Anti-ANXA2 rabbit polyclonal antibody (ab41803) was used at a final concentration of 0.5 mg/ml. Localization of antigen-antibody complexes was visualized as brown precipitates using DAB þ Liquid (Dako, Kyoto, Japan) before nuclear counterstaining with hematoxylin.
Immunofluorescence
MeT5A cells were fixed in 10% NBF for 20 min. After three washes with 10 mM PBS, 0.1% Triton X-100 was added to the cells and incubated for 5 min for permeabilization. The cells were then washed three times with 10 mM PBS and incubated with 3% bovine serum albumin (BSA) in PBS for 30 min to block nonspecific binding of the antibodies. After washing with PBS, 1 mg/ml of an anti-ANXA2 rabbit polyclonal antibody (ab41803) was added to the cells and incubated for 30 min at room temperature. The cells were then washed three times with 0.1% BSA in PBS, incubated with 1 mg/ml Alexa 488-conjugated anti-rabbit IgG and 20 U/ml Alexa 594-conjugated phalloidin for 30 min, and then washed three times with 0.1% BSA in PBS. Nuclear counterstaining was performed using Hoechst 33342 solution (1 mg/ml in PBS) following the manufacturer's instructions. Finally, the samples were observed using a fluorescent microscope (BZ-9000; Keyence Corporation; Osaka, Japan).
Animal Tissues
Rat tissues obtained in our previous work were used. 23 The animal experiment committee of Nagoya University Graduate School of Medicine approved this experiment.
Statistical Analysis
For the investigation of serum effects on crocidolite uptake, we used Tukey's multiple comparison test (Po0.05) to compare the groups. We used paired Student's t-test (Po0.05) for the influence of shRNA-mediated knockdown on crocidolite and chrysotile uptake, and direct blocking by the antibodies on crocidolite uptake.
RESULTS

Three Types of Asbestos Were Internalized by Mesothelial Cells
Chrysotile, crocidolite, and amosite fibers (5 mg/cm 2 ) were incubated with MeT5A cells for 24 h, and the uptake of the fibers was assessed using the cell-block technique and flow cytometry. Cell-block sections stained with HE revealed that all three fibers entered the MeT5A cells (Figure 1a ). Crocidolite and amosite were composed of similar, dark, straight fibers, whereas chrysolite fibers were curled, white, and thinner than the other two. Thus, the chrysotile fibers were more difficult to identify by bright field observation. In the flow cytometric analysis, the SSC values were elevated after incubation with all three fibers. For crocidolite and amosite, the degree of elevation was nearly the same and higher than that of chrysotile (Figures 1b and c) . Next, different doses of chrysotile, crocidolite, and amosite fibers (1, 2, 3, 5, 10, and 20 mg/cm 2 ) were incubated with MeT5A cells for 2 h. For all three types of fibers, the mean SSC ratio was directly proportional to the loading fiber dosage (Figure 1d ), which suggested that it was also directly proportional to the amount of fibers uptake, and useful to quantify the uptake of these fibers including chrysotile and amosite.
Serum Inhibited Crocidolite Endocytosis but did not Influence Chrysotile Endocytosis
In the first experiment to test the effects of serum on crocidolite endocytosis, we separated the samples into the four groups as described in the Materials and Methods section (Groups A-D). The tests were performed nine times using 5 mg/cm 2 of crocidolite with 2 h incubation time, and the mean SSC ratios (treated/control) of each group were compared (Figure 2a) . The mean SSC ratio of Group A was significantly higher than those of the other three groups (Po0.01). There was no significant difference between the other pairs of groups (P40.05), whereas Group B tended to show a higher mean SSC ratio than both Groups C and D. We also performed the same experiment using chrysotile fibers. After repeating the tests six times, no significant difference was found among the groups (P40.05) (Figure 2a) . In the second experiment, MeT5A cells were incubated in a medium of 0, 10, or 55% serum with 5 mg/cm 2 of uncoated crocidolite fibers for 2 h. This experiment was analyzed using flow cytometry and the cell-block technique (Table 1 and Figure 2b ). Both techniques produced similar results: the quantity of crocidolite uptake was the largest in cells under the serum-free condition, and was the smallest in cells incubated with crocidolite in medium with 55% FBS.
To investigate the effect of serum on the required time of added crocidolite fibers to reach the bottom of dish where MeT5A cells were attached, we separated the samples into the four groups described in the Materials and Methods section (Groups A-D) again. In each group, we added 300 ml (1500 mg) of crocidolite fibers to 1600 ml of the medium in a 2-ml microtube, mixed them by turning the tube upside down several times, and allowed it to stand under 5% CO 2 in air at 37 1C for 2 h. We found that only Group A had clear medium, with almost all of the crocidolite fibers reaching the bottom (Supplementary Figure 1a) . There was no apparent difference among the other three groups. The OD600 of 1 ml of supernatant fluid was measured in each group. The OD600 of Group A was less than one-tenth of that of the other groups (Supplementary Table 1) . We also performed the same experiment using 300 ml (1500 mg) of chrysotile fibers. We were not able to find consistent difference among the four groups, presumably because of technical difficulties in generating consistent data (Supplementary Figure 1b) . In the experiment using chrysotile, we did not measure the OD600 because we could not obtain 1 ml of homogeneous supernatant fluid from all of the groups.
After serum-free stress for 2 h without asbestos treatment, we found the number of cells tended to detach from the bottom slightly increased (Supplementary Figure 2a) . No significant difference was observed in the overall cell size, although the cells appeared degenerated, and the number of apoptotic cells was slightly increased as far as we could find in the HE-stained specimens (Supplementary Figure 2b) .
Asbestos Fibers Adsorbed Various Proteins Depending on the Type of Fiber
Three types of asbestos fibers (250 mg/ml) were incubated with 150 mg/ml of MeT5A membrane fraction proteins. Crocidolite and amosite showed nearly the same pattern of protein adsorption, whereas chrysotile showed a slightly different pattern (Figure 3a) . Next, crocidolite and chrysotile fibers (250 mg/ml) were incubated with membrane fraction proteins at different concentrations. Most of the adsorbed proteins increased with the amount of membrane fraction protein used in the incubation, whereas some adsorbed proteins did not increase or even decreased most likely because of their relatively low affinity for crocidolite (Figure 3b ).
Asbestos-Interacting Membrane Proteins Were
Identified Using Mass Spectrometry First, the membrane fraction proteins that were adsorbed to crocidolite fibers were prepared using in-gel digestion. After sample preparation and SDS-PAGE, followed by silver staining, 17 distinct protein bands (shown by arrows in Figure 3b ) were excised from the gel and analyzed by mass spectrometry. Representative proteins which we picked out by the score, the location in cells and the supposed functions are shown in Table 2 (all of the identified proteins are shown  in Supplementary Table 2) .
Thereafter, the membrane fraction proteins that were adsorbed to crocidolite and chrysolite fibers were analyzed using an in-solution approach with mass spectrometric analysis. Among the proteins identified using mass spectrometry, those with a score 4100 were classified into nine categories, depending on the intracellular localization with overlapping distribution (Supplementary Tables 3 and 4) . The proteins belonging to the 'transmembrane protein of plasma membrane' and the 'protein at cell surface' categories are shown in Tables 3 and 4 . The proteins of these two categories were exposed to the extracellular environment and were expected to bind to asbestos fibers before endocytosis.
Crocidolite Uptake was Suppressed by ANXA2 Knockdown but not by TFRC Knockdown As candidate proteins that adhere to crocidolite fibers initiate endocytosis, we selected ANXA2 and TFRC because ANXA2 obtained the highest score of the two categories shown in Table 3 , and TFRC is a well-known receptor for receptor-mediated endocytosis. To knock down ANXA2 and TFRC, we constructed three shRNA-expressing retroviral vectors for each protein. Virus-mediated transfection with ANXA2-shRNA no. 1 and TFRC-shRNA no. 2 successfully reduced the protein levels of ANXA2 to one-fifth and TFRC to one-third of the total level, respectively (Figure 4a ).
In the experiments to test the knockdown effects of these two genes using flow cytometry, crocidolite fibers (2 mg/cm 2 ) were incubated with MeT5A cells transfected with each shRNA for 2 h, and the experiments were performed five times for both genes. The mean SSC ratio (treated/control) of the ANXA2-shRNA no. 1-transfected MeT5A cells was significantly lower than that of the control-shRNA-transfected MeT5A cells (Po0.05). By contrast, the TFRC-shRNA no. 2-transfected MeT5A cells did not show a significant difference in the mean SSC ratio (P ¼ 0.219) (Figure 4b ). To verify the knockdown effect of ANXA2, we also performed the analysis using the cell-block technique in one of the five tests and found that the amount of crocidolite uptake was smaller in the ANXA2-shRNA no. 1-transfected MeT5A cells than in the control-shRNA-transfected MeT5A cells (Table 5 ). Both of these results indicated that shRNA-induced ANXA2 knockdown of MeT5A cells results in a reduction of crocidolite uptake.
Crocidolite Uptake Was Significantly Suppressed by Direct Blockade With ANXA2 Antibody Direct blockade of ANXA2 on the cell surface was performed using two different anti-ANXA2 antibodies, and analyzed by flow cytometry. After nine repeated tests, the mean SSC ratio (treated/control) of the MeT5A cells blocked by anti-ANXA2 antibody (ab41803) was significantly lower than that of the cells treated with control-IgG (Po0.05) (Figure 4c) . However, we could not find significant difference or even obvious tendency using a different anti-ANXA2 antibody (sc-9061) (P ¼ 0.440) (Supplementary Figure 3) . We observed that all three types of asbestos fibers adsorbed these two proteins, and chrysotile adsorbed a larger amount of TFRC than crocidolite and amosite, whereas chrysotile adsorbed a smaller amount of ANXA2 than the other two (Figure 4d ). These findings are consistent with the results of Figure 3 Analysis of membrane fraction proteins adsorbed by three different types of asbestos fibers. Adsorbed proteins were analyzed using sodium dodecyl sulfate-polyacrylamide gel analysis (SDS-PAGE), followed by silver staining. (a) Crocidolite, chrysotile, and amosite fibers (250 mg/ml) were incubated with 150 mg/ml of MeT5A membrane fraction proteins. Crocidolite and amosite showed nearly the same pattern, adsorbing some proteins more strongly than chrysotile (arrows) and adsorbing other proteins more weakly (arrowheads). (b) Crocidolite and chrysotile fibers (250 mg/ml) were incubated with MeT5A membrane fraction proteins (0, 1, 2, 5, 10, 20, 50, 100, and 200 mg/ml), respectively. Membrane fraction proteins (1.0 mg) were analyzed simultaneously. For crocidolite, some bands of proteins were prepared using in-gel digestion to be analyzed using an LTQ Orbitrap XL mass spectrometry system (arrows); the identified proteins are shown in Table 2 and Supplementary Table 2 . The color reproduction of this figure is available on the Laboratory Investigation journal online.
mass spectrometry, where TFRC obtained the highest score among the transmembrane proteins of the plasma membrane adsorbed to chrysotile, while the score of ANXA2 adsorbed to chrysotile was only 72.
Chrysotile Uptake Was Mildly but not Significantly Suppressed by TFRC Knockdown and Was not Influenced by ANXA2 Knockdown
To compare chrysotile with crocidolite, ANXA2 and TFRC knockdown analyses were also performed on chrysotile using flow cytometry following the same protocol, and the experiments were performed six times for each gene. The mean SSC ratio (treated/control) of the ANXA2-shRNA no. 1-transfected MeT5A cells was nearly the same as that of the control-shRNA-transfected MeT5A cells (P ¼ 0.593). The TFRC-shRNA no. 2-transfected MeT5A cells tended to have a lower mean SSC ratio compared with the control-shRNAtransfected MeT5A cells, but this difference was not statistically significant (P ¼ 0.267) (Figure 4e ).
ANXA2 Was Abundant on the Plasma Membrane of Mesothelial Cells, Particularly on the Peritoneal Cavity Side
We performed immunofluorescence (IF) and immunohistochemical analyses of MeT5A cells and the peritoneal mesothelia and peritoneal MM of rats using anti-ANXA2 antibody (Figures 5a-f) . ANXA2 was expressed consistently on the plasma membranes of MeT5A cells (Figures 5a and b) , and its expression was observed on the surface of the normal peritoneum of rat (Figures 5c and d) and on the plasma membrane of the epithelioid (Figure 5e ) and sarcomatoid subtypes (Figure 5f ) of rat MM cells. Regarding the MM cells of the epithelioid subtype, ANXA2 was expressed on the cell membrane at the apical side, facing the peritoneal cavity.
DISCUSSION
We studied the endocytosis of asbestos by mesothelial cells, focusing on its candidate receptors. In the crocidolite uptake, we showed the possibility of cell-surface ANXA2 as its receptor in addition to the non-essential role of serum. In the cell-block section of MeT5A cells that was incubated with asbestos, crocidolite and amosite appeared similar and were easy to identify. In the flow cytometric analysis, they also showed similar mean SSC ratios (treated/control) being loaded with the same dosage. By contrast, chrysotile appeared different, presenting a challenge regarding its identification in the cell-block section, and showing a lower mean SSC ratio (treated/control) than the other two asbestos in flow cytometry. However, the mean SSC ratios (treated/control) of chrysotile and amosite were directly proportional to the loaded amounts of fibers, as well as crocidolite. We previously showed that flow cytometry is useful for the quantitative assessment of crosidolite uptake by mesothelial cells based on the rationale that SSC is dependent on the presence of intracellular structures not excluding some membranous ones that change the refractive index of light. 30 The results of the current study suggest that SSC would be useful for the quantitative assessment of asbestos uptake by mesothelial cells not only for crocidolite but also for chrysotile and amosite, although we cannot compare the different types of fibers because of their differences in shape and property. In flow cytometric analysis, we have to consider minimizing the Annexin A2 in mesothelial endocytosis K Yamashita et al time lag among samples because SSC may slightly increase over time.
We observed the largest amount of crocidolite uptake in mesothelial cells under serum-free conditions; this result was in contrast to those of previous reports using pulmonary epithelial cells 25, 33 and macrophages. 34, 35 We believe that the difference in the speed at which crocidolite fibers sink had influenced the results, although the depth of the medium during incubation was only o0.2 cm (6-cm dish with 4 ml of medium). OD600 represents the clarity of medium, so the supernatant of serum-free Group A was proven to be much clearer than that of the other groups because most of the crocidolite fibers had reached the bottom within 2 h and were not included in the supernatant medium in Group A unlike the other three groups. We believe that the increase in viscosity of the medium by adding serum and the change in the size and shape of fibers as a result of aggregation by serum-coating mainly produced this phenomenon. Serum-coated fibers tended to aggregate with each other, so we attempted to minimize this aggregation through the immediate use of the fibers after a 1-h sonication on the same day that the coating process was completed. However, the influence of serum-coating may have persisted. The shape, size, and protein adsorbability of chrysotile fibers were different from those of crocidolite fibers, and we observed no consistent tendency in the speed at which chrysotile fibers sink among the four groups. We also observed no significant difference in the amount of chrysotile uptake among the four groups. Even considering the difference in the amounts of fibers that had reached the bottom of the dish, we could state that significant amounts of both crocidolite and chrysotile fibers entered the cells without serum, and serum was not essential for asbestos endocytosis. Until now, the only known pathway for the initiation of the endocytosis of asbestos was the association of serum-derived vitronectin with integrin avb5 on the mesothelial cell surface. 24 Our results suggest that there may be endocytosis mechanisms that differ from those that use protein coating of asbestos, although we do not deny the importance of the mechanism using vitronectin coating in vivo. We then evaluated the differences in the protein adsorption properties of the three different types of asbestos using SDS-PAGE on the assumption that pristine asbestos could bind to cell-surface proteins by their protein adsorption properties. The proportions of the adsorbed proteins, as detected by silver staining, were nearly the same for crocidolite and amosite, but the proportion of each adsorbed protein between the two amphibole asbestos and chrysolite, which is a serpentine asbestos, was slightly different. This difference may partly be explained by crocidolite and amosite fibers being negatively charged at pH 7.4, whereas chrysotile fibers are positively charged under the same condition. Conversely, a previous report showed that the molecular weight and nature of the overall charge of the fibers and proteins are of little importance, but the specific area of the fiber and protein charge density have a role in adsorption. 28 The process of cellular ingestion by which the plasma membrane folds inward to bring substances into the cell is called endocytosis. Phagocytosis is one of the important forms of endocytosis and is defined as the cellular engulfment of particles larger than 0.5 mm in diameter. 36 The lengths of asbestos fibers are usually longer than 0.5 mm, and bundles of asbestos fibers that are internalized in cells are sometimes wider than 0.5 mm. In addition, we observed that crocidolite fibers with a width o0.1-0.2 mm were engulfed by mesothelial cells in a morphologically similar manner to that of fiber bundles wider than 0.5 mm. 30 Therefore, the endocytosis of asbestos fibers is suggested to be within a category of phagocytosis. Distinct from professional phagocytosis by monocytic/macrophage lineages and neutrophils, phagocytosis without triggering the immune response is called non-professional phagocytosis. 36 Phagocytosis involves the recognition and binding of prey to receptors on the cell surface, and receptor-triggered actin remodeling is required. 36, 37 Although most of the receptors mediating phagocytosis are transmembrane proteins, some receptors might act only in binding particles and using accessory receptors to deliver the phagocytic signal. 38 In addition, phagocytic receptors are generally activated when forming multimers; even before their lateral clustering occurs, several receptors must attach to the particle to secure it onto the phagocytic surface, a phenomenon that is against the tendency of the particle to detach by Brownian motion. 37 Accordingly, we chose transmembrane proteins of the plasma membrane and proteins that were present at the cell surface as candidates for receptor proteins involved in asbestos phagocytosis.
Next, we showed the possibility that ANXA2 functions as a receptor for the endocytosis of crocidolite, through knockdown assays at first. Thereafter, we found that the anti-ANXA2 antibody (ab41803) reduced the crocidolite uptake by blocking the crocidolite adsorption to the cell surface ANXA2, whereas anti-ANXA2 antibody (sc-9061) did not reduce it. ANXA2 is a member of the annexin family of calcium-dependent, anionic phospholipid-binding proteins and exists as a monomer or as a heterotetrameric complex with S100A10, particularly on the cell surface. 39 ANXA2 is composed of 339 amio acids, and the immunogens of anti-ANXA2 antibody (ab41803) are synthetic peptides derived from within residues 150-250 of human ANXA2, whereas the immunogens of anti-ANXA2 antibody (sc-9061) are amino acids 1-50 mapping epitope corresponding to amino acids 1-50 of human ANXA2. In ANXA2, although the first 14 residues of the N-terminal domain harbors a binding site for S100A10, 40 , our study suggested that the N-terminal domain was not so important for crocidolite adsorption. In fact, the interaction sites of cell-surface ANXA2 with crocidolite could be multiple and distributed widely. We also showed that ANXA2 is highly expressed in the plasma membrane of mesothelial and mesothelioma cells, particularly at the apical side. This is consistent with the receptor role of ANXA2 because mesothelial cells face asbestos fibers at the apical side in vivo, and thus the receptor proteins that are involved in asbestos phagocytosis should also be at the apical membrane side. S100A10-dependent plasmin generation functions to stimulate the breakdown of fibrin blood clots (fibrinolysis). 41 Extracellularly, ANXA2 also interacts with receptors, such as Toll-like receptor 4, through which it can deliver inflammatory signals to macrophages and modulate macrophage function. 42 ANXA2 has been reported to have some roles in endocytosis, such as endosome biogenesis and early-to-late endosome transport. 43 Cell-surface ANXA2 is required for the binding and internalization of progastrin in intestinal cells, potentially by clathrin-mediated endocytosis. 44 Intracellularly, ANXA2 is present on the plasma membrane and early endosome and interacts with actin to act as a regulator of membra-cytoskeleton dynamics. [45] [46] [47] It was reported that ANXA2 is involved in the phagocytosis of the shed photoreceptor outer segment by pigment epithelial cells in the retina. 47 Furthermore, ANXA2 is known to be present in various cells such as endothelial cells, monocytes, macrophages, and most cancer cells. 39, 48, 49 Asbestos is neither an intracellular pathogen that has developed specific ligand proteins to enter nonprofessional phagocytes nor an apoptotic body that arises during the normal physiological state and has a phagocytic removal system through nonprofessional phagocytes. In addition, no counterpart to asbestos exists in vivo; therefore, it is unlikely that mesothelial cells have specific receptors that mediate asbestos phagocytosis without an opsonin effect, such as coating by vitronectin. 24 Therefore, we assume that the protein adsorption property of asbestos, with which it can bind to various proteins on the cell surface and remain there for a while, may account for the reason why asbestos can be actively engulfed by nonprofessional phagocytes. Supporting this idea, the nonprofessional phagocytic system of asbestos is not specific to mesothelial cells. 13, 25 The transferrin receptor protein is an integral membrane protein that mediates the uptake of transferrin-iron complexes, and TFRC is considered the major protein responsible for iron uptake. 50 TFRC is known to be involved in clathrinmediated endocytosis, which is a form of endocytosis different from phagocytosis. In our study, the knockdown of TFRC did not decrease crocidolite uptake by MeT5A cells. Therefore, TFRC was suggested not to have a significant role in crocidolite phagocytosis. Interestingly, unlike crocidolite, knockdown of TFRC tended to decrease the amount of phagocytic uptake of chrysotile by MeT5A cells, although knockdown of ANXA2 did not decrease it at all. This is consistent with our finding that chrysotile presented with high adsorbability to TFRC and low adsorbability to ANXA2 compared with crocidolite (Figure 4d ), supporting the idea that the protein adsorption property of asbestos has an important role in phagocytosis by mesothelial cells. Recently, the biomolecular corona, which results from adsorption activity, has called attention in terms of the biological activity of nanomaterials. 51 Further studies are warranted to understand the molecular defense mechanisms against nanosized fibrous materials.
In conclusion, we demonstrated that significant amounts of both crocidolite and chrysotile fibers enter the cells without serum, and serum was not essential for asbestos endocytosis. Next, we distinguished membrane proteins exposed to the extracellular environment that were adsorbed to asbestos as candidate proteins for the receptor of asbestos phagocytosis, using extensive protein identification with mass spectrometry. Considering the decrease in crocidolite uptake by ANXA2 knockdown, direct blockade using anti-ANXA2 antibody and its distribution on the apical membrane side of mesothelial cells, we suggest that ANXA2 is well involved in crocidolite phagocytosis and could be its putative receptor.
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